Requirement of tyrosylprotein sulfotransferase-A for proper cuticle formation in the nematode C. elegans  by Kim, Tai Hoon et al.
FEBS 29078 FEBS Letters 579 (2005) 53–58Requirement of tyrosylprotein sulfotransferase-A for proper
cuticle formation in the nematode C. elegans
Tai Hoon Kima,c, Soon Baek Hwanga,d, Pan-Young Jeongb, Junho Leea,d,*, Jin Won Choa,c,*
a Department of Biology, Yonsei University, Seoul 120-749, Republic of Korea
b Department of Biochemistry, Yonsei University, Seoul 120-749, Republic of Korea
c Protein Network Research Center, Yonsei University, Seoul 120-749, Republic of Korea
d School of Biological Sciences, Seoul National University, Seoul 151-742, Republic of Korea
Received 27 September 2004; revised 9 November 2004; accepted 10 November 2004
Available online 26 November 2004
Edited by Veli-Pekka LehtoAbstract Tyrosine O-sulfation is one of the post-translational
modiﬁcation processes that occur to membrane proteins and se-
creted proteins in eukaryotes. Tyrosylprotein sulfotransferase
(TPST) is responsible for this modiﬁcation, and in this report,
we describe the expression pattern and the biological role of
TPST-A in the nematode Caenorhabditis elegans. We found that
TPST-A was mainly expressed in the hypodermis, especially in
the seam cells. Reduction of TPST-A activity by RNAi caused
severe defects in cuticle formation, indicating that TPST-A is in-
volved in the cuticle formation in the nematode. We found that
RNAi of TPST-A suppressed the roller phenotype caused by
mutations in the rol-6 collagen gene, suggesting that sulfation
of collagen proteins may be important for proper organization
of the extracellular cuticle matrix. The TPST-A RNAi signiﬁ-
cantly decreased the dityrosine level in the worms, raising the
possibility that the sulfation process may be a pre-requisite for
the collagen tyrosine cross-linking.
 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Post-translational modiﬁcations are important in many as-
pects of protein behaviors, including enzyme activity, protein
life span and protein–protein interactions. Tyrosine O-sulfation
is one of the post-translational modiﬁcation processes that oc-
curs to membrane proteins and secreted proteins in eukaryotes
[1–5]. Tyrosylprotein sulfotransferease (TPST) is responsible
for this modiﬁcation and the genes encoding this enzyme have
been identiﬁed in many species [6–9]. There are two distinct hu-
man TPST genes [7–9]. The action mechanism of TPST in-
volves transfer of a sulfuryl group from 3 0-phosphoadenosine
5 0-phosphosulfate (PAPS) to the hydroxyl group of tyrosine
residue located within the target proteins [10,11]. Multiple sul-
fates can be added stepwise to proteins [12]. Signiﬁcance of
tyrosine O-sulfation has been reported in proteins such as a
protein for P-selectin binding, proteins in inﬂammatory leuko-*Corresponding authors. Fax: +82 2 877 2661 (J. Lee).
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wide spectrum of the substrates for TPST and limitation in the
prediction of a deﬁned consensus sulfation target sequence
within a protein have made it diﬃcult to assess the biological
roles of tyrosine O-sulfation at the organismic level. One way
to examine the roles of TPST is to study mutations. Although
the knockout mouse lacking the mouse TPST gene was recently
reported, superﬁcial phenotypes such as low body weight and
fecundity were observed [20]. The mouse model was not able
to reveal direct functional relationship between the observed
phenotypes and the biochemical roles of TPST. Therefore, it
would be helpful to use a simple model organism such as the
nematode Caenorhabditis elegans to examine biochemical and
genetic roles of TPST. In this study, we wanted to characterize
a C. elegans TPST, TPST-A, by studying its expression pattern
and RNAi phenotypes. The nematode TPST-A was previously
identiﬁed by its high sequence homology to human TPST-1 and
TPST-2 [7,8]. The nematode TPST-A was shown to increase
TPST activity when the gene encoding TPST-A was introduced
into a mammalian cell line, indicating that this enzyme is a
functional sulfotransferase [8]. However, its role and signiﬁ-
cance in the development of C. elegans has not been examined
yet. In this report, we examined the expression pattern of
TPST-A and analyzed the phenotypes caused by RNAi. Both
the expression pattern and RNAi defects were primarily found
in the hypodermis and the cuticle, leading us to examine the
biological roles of TPST-A in the hypodermal cells. We report
that RNAi of the TPST-A gene caused severe phenotypes
including cuticle defects that we named a belting worm and
a molt lethal worm phenotypes, that RNAi also suppressed
the roller phenotype of rol-6 mutations, and that the TPST-A
protein may be involved in the cuticle formation in the process
of the sulfation of collagen proteins. We ﬁnally show that the
sulfation process may be required for the tyrosine cross-linking
for collagen cuticle formation in vivo.2. Materials and methods
2.1. Expression study of TPST-A in C. elegans
A TPST-A reporter clone was made by using PCR ampliﬁcation of
C. elegans genomic DNA. The primers were designed with PstI and
XbaI linkers to facilitate cloning into GFP vector (pPD95.69); primers
used were TPSTp1 (sense, PstI: 5 0-GCCTGCAGGGACTCAA-
AATTGCTC TCC-3 0) and TPSTp2 (antisense, XbaI: 5 0-CGTCT-
AGACATTATAATATTCGCC-3 0). The PCR product was ligatedblished by Elsevier B.V. All rights reserved.
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pRF4 into the gonads of N2 hermaphrodite C. elegans. Stable lines
were observed with a ﬂuorescence microscope.
2.2. RNAi experiments
The yk166c1 cDNA clone was obtained from Dr. Yuji Kohara (Na-
tional Institute of Genetics, Mishima, Japan). The C. elegans cDNA
encodes the TPST-A protein of 380 amino acids. DNA plasmid con-
structs were linearized with appropriate blunt or 5 0-overhang restric-
tion enzymes; sense and antisense RNAs were synthesized in vitro by
using T3 and T7 polymerases. DNA templates were then removed with
a 15-min DNase treatment. RNAs were extracted with phenol/chloro-
form and chloroform, precipitated in ethanol, and resuspended in 5
mM Tris–HCl, pH 7.9. Sense/antisense RNA strands were heated to
80 C for 3 min and allowed to anneal in TE (Tris 10 mM, EDTA 1
mM) at 37 C for 30 min prior to injection into the gonads of adult
hermaphrodites. For most experiments, dsRNA was injected into only
one gonad arm. RNAi was carried out in the wild type N2, rol-6
(su1006), and rol-6 (e187) animals. DsRNA was injected into adult ani-
mals, and were then allowed to lay eggs, the harvested eggs were al-
lowed to develop, and the progeny were observed for their phenotypes.Fig. 1. TPST-A is mainly expressed in the hypodermis. The expression
of TPST-A was visualized by the GFP reporter. (A, B) TPST-A is
expressed in the hypodermis of embryos as well as subsets of head2.3. Analysis of dityrosine in C. elegans
Dityrosine standard was synthesized and puriﬁed as described by
Malencik [21] with minor modiﬁcations. Brieﬂy, 452 mg of L-tyrosine
(Aldrich) was added to 400 ml of distilled water in a 1-l ﬂask. Using a
hot plate, this suspension was brought to boiling until all of the tyro-
sine had dissolved. The solution was cooled to 30–40 C and 100 ml of
0.5 M boric acid–sodium borate (pH 9.1) was added. Then, 10.0 mg of
peroxidase from either A. ramosus or horseradish was dissolved in 10
ml of H2O. The enzyme was added to the 5 mM tyrosine solution
and mixed gently. 1.42 ml of 3% H2O2 (0.5 M H2O2/M tyrosine) was
added immediately and the solution was brieﬂy swirled. 175 ll of
mercaptoethanol was added to the reaction mixture. This golden
brown solution was divided between two 600-ml lyophilizer ﬂasks, fro-
zen over liquid nitrogen, and lyophilized to dryness. The lyophilized
material was dissolved in 250 ml of distilled H2O and adjusted to
pH 8.8. Preparative HPLC puriﬁcation of the dissolved sample was
performed using a C18 column (250 mm · 22 mm; VyDAC) with 5%
acetonitrile as an isocratic mobile phase by applying to the column
in the isocratic condition. Dityrosine peak detected at 210 nm UV
was prepared by collection and freeze drying. For desalting, the pre-
pared sample was repuriﬁed by preparative HPLC puriﬁcation with
100% distilled H2O in the isocratic condition using the same column.
The puriﬁed dityrosine was characterized by NMR and mass spec-
trometry.
With the dityrosine standard in hand, we analyzed the quantity of
dityrosine in the worms. RNAi and N2 nematodes were washed with
M9 buﬀer, suspended in 0.5 ml sonication buﬀer (10 mM Tris–HCl,
pH 7.4, 1 mM EDTA, and 1 mM phenylmethanesulfonyl ﬂuoride),
and sonicated six times for 20 s. Protein quantity was determined with
the Bradford assay using BSA as a standard. Whole worm extracts
were lyophilized and resuspended in 2 ml of 6 N HCl. Samples were
hydrolyzed for 24 h at 110 C under vacuum, dried under vacuum,
and resuspended in the mobile phase for analysis by HPLC on a
C18 column (250 mm · 4.6 mm; Alltech) using a Waters 2690 HPLC
apparatus, coupled to a 486 Absorbance Detector and a 474 Scanning
Fluorescence Detector (Waters, Milford, MA, USA), employing the
Millenium software. The mobile phase consisted of 0.1 M KH2PO4 ad-
justed to pH 3.8 with 0.1 M phosphoric acid at a ﬂow rate of 1 ml/min.
The column eluants were monitored by ﬂuorescence with the excitation
energy at 285 nm and the emission energy at 410 nm. To verify the
identity of dityrosine, authentic dityrosine standard was added to some
samples and an increase in the intensity of the putative dityrosine band
was observed.neurons. A is the Nomarski image and B, GFP images. The
arrowheads are hypodermal cells, the arrows, head neurons. (C, D)
Expression of TPST-A in the hypodermal seam cells of an adult
animal. The nuclei of the hypodermis are indicated by arrowheads in
C. Strong background ﬂuorescence is seen in D due to gut autoﬂu-
orescence. GFP expression was mainly in the nuclei in A to D due to
the nuclear localization signal in the expression vector. Some GFP
signals are seen in the neuronal processes probably due to overexpres-
sion of the reporter protein. Scale bars, 25 lm.3. Results and discussion
3.1. TPST-A is mainly expressed in the hypodermis
We constructed a fusion reporter plasmid that contained the
TPST-A promoter and green ﬂuorescent protein (GFP) codingregion, and introduced it to the N2 wild type animals. TPST-
A::GFP was most strongly expressed in the embryos. In the
early embryos, TPST-A::GFP was expressed in the hypoder-
mis and in some of the head neurons (Fig. 1). The expression
pattern was persistent throughout development, although sig-
niﬁcantly weakened. In the adult, we were able to see the
expression in the hypodermis due to the reporter protein being
fused to the NLS signal (Fig. 1). We hypothesized from its
expression pattern that TPST-A may function mainly in the
hypodermis and maybe in subsets of neurons. The transcript
level examined by the oligonucleotide array experiments re-
vealed that the microarray signal was high in embryos and in
L3/L4 larvae [22]. Interestingly, this pattern of expression coin-
cides with that of collagen/cuticle biosynthesis (such as bli-1,
-2, col-2, -6, -7, -35, -36, -37, dpy-13, sqt-1, and rol-6, -8)
[23]. Both the spatial and temporal expression patterns of
TPST-A suggested that TPST-A might function mainly in
the hypodermis.
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phenotypes, including ‘a belting worm’ and ‘a molt lethal
worm’ phenotypes in the wild type N2 background
In order to deﬁne the biological functions of the nematode
TPST-A, we performed RNAi experiments. Double stranded
RNA of the TPST-A coding region was used in RNAi exper-
iments to speciﬁcally eliminate or reduce the TPST-A gene
expression. The ﬁrst obvious phenotype caused by TPST-A
RNAi at the dissection microscopic level was that RNAi-
aﬀected animals showed little, if any, motility (Fig. 2A) and
that many of them showed arrested growth. The cuticle of
the nematode is a multi-layered, collagenous extracellular
structure that plays important roles in motility. It is probable
that the disruption of functional cuticle structure may result
in the loss of motility due to the lack of proper delivery of
the force generated by the muscles to the extracellular cuticle.
It was obvious that the RNAi eﬀect was most prominent in
the middle larvae, again consistent with its expression pat-
terns. In order to accurately deﬁne the defects, we observed
the RNAi-aﬀected animals on a Nomarski microscope (Fig.
2). In overall, 77% of RNAi-aﬀected animals (n = 555)
showed one of the phenotypes: 47% larval lethal, 3.7% adult
lethal, 21.3% molt lethal, and 5.0% belting animals. The molt
lethal phenotype was deﬁned as the situation in which ani-
mals were arrested in the middle of molting. The animals
of this phenotype seemed to have started to molt out of
the old cuticle, but failed to do so, eventually dying within
the old cuticle. The belting phenotype was such that parts
of the remaining cuticle that did not detach from the animals
formed tight rings around the animal body (the belt), and
later this belt was tightened, eventually making the animals
burst to death (Fig. 2B). We hypothesized that the molting
and belting phenotypes were caused by defective sulfation
processes that should have occurred in the cuticle, probably
in the collagen proteins.Fig. 2. RNAi eﬀects of the TPST-A gene. (A) A visible phenotype at
the dissection microscope level. RNAi-aﬀected animals show motility
defects. The photograph was taken 10 min after a wild-type animal
and an RNAi-aﬀected animal was located to a certain location on the
plate. The animal on the left indicated by the arrowhead is a wild-
type animal and the animal on the right indicated by the arrow is the
RNAi-aﬀected animal. While the wild-type animal has moved,
leaving tracts on the bacterial lawn, the RNAi-aﬀected animal has
not moved a bit. Scale bar, 1 mm. (B–D) The molting lethal
phenotype of the RNAi-aﬀected animals. The animals were arrested
in the middle of molting, not leaving out the old cuticles. The
arrowhead indicates the region where the old cuticles are not
detached. (E–G) The belting phenotype of the RNAi-aﬀected
animals. Parts of the cuticle are not detached from the animals,
and have become tightened as the animals grow, and ﬁnally making
the animals burst (arrowheads). (H) The belting can occur at any
part of the body. Scale bars for B–H, 100 lm.3.3. RNAi of TPST-A suppresses the rol-6 mutant phenotype
We then wanted to examine whether TPST-A was indeed
involved in cuticle formation. To directly examine a possible
role of TPST-A in the cuticles, we examined whether TPST-
A RNAi could aﬀect the phenotypes caused by mutations in
a collagen gene. rol-6 encodes a collagen gene and mutations
in the gene had been extensively studied [24–26]. We ﬁrst
performed RNAi experiments in the rol-6 (su1006) back-
ground. The rol-6 (su1006) mutation is a dominant point
mutation that causes animals to roll in the right hand orien-
tation (RRol). We used SNAP-25 GFP as a marker to visu-
alize the rolling phenotype of rol-6 (su1006). SNAP-25 GFP
is expressed in most neurons including the ventral and dor-
sal nerve cords, making it possible to visualize the contour
of the animals [27]. Interestingly, TPST-A RNAi suppressed
the Rol phenotype of rol-6 (su1006) (Table 1, Fig. 3). About
46% of the RNAi aﬀected animals displayed non-Rol behav-
ior at some extent, which is dramatically diﬀerent from the
rol-6 mutant animals (Table 1). This result indicated that de-
fects in TPST-A might have aﬀected the higher structures of
the cuticle collagens. In order to determine whether the sup-
pression is speciﬁc to a single rol-6 mutant allele or a gen-
eral eﬀect, we examined another allele of rol-6. rol-6 (e187)
is a recessive mutation that causes the Rol phenotype. The
suppression of the Rol phenotype in this allele was compa-rable to the case of rol-6 (su1006). About 63.6% of the
RNAi aﬀected animals displayed non-Rol phenotypes either
strongly or moderately (Table 1). We did see larval lethal
phenotypes, but not the belting phenotype in the RNAi af-
fected animals, indicating that the cuticle structure might be
Table 1
Suppression of rol-6 phenotypes by TPST-A RNAi
Genotype Phenotypea
NonDpy Rol (%) Larval lethal (%) Dpy nonRol (%) Dpy semi-Rol (%) n Eﬀect yield (%)
rol-6 (su1006) 100 >500
rol-6 (su1006); TPST-A RNA 32.0 20.0 2.3 45.7 715 68.0
rol-6 (e187) 100 >500
rol-6 (e187); TPST-A RNAi 15.7 18.0 13.3 50.3 657 84.3
aDpy, a short and dumpy phenotype; NonDpy, non-dumpy phenotype; nonRol, non-rolling phenotype; semi-Rol, a mild roller phenotype; eﬀect
yield is the ratio of the animals with phenotypes diﬀerent from the Rol phenotype.
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type animals.
In order to determine the molecular mechanism underlying
the suppression of the Rol phenotype of rol-6 mutations by
TPST-A RNAi, it would be necessary to examine biochemi-
cally whether TPST-A indeed sulfated the collagen proteins.
Examination of the amino acid sequences of the ROL-6 andFig. 3. RNAi of the TPST-A gene suppresses the Rol phenotype of
rol-6 mutant animals. (A, B) The twisted body of rol-6 animal is
suppressed to a normal shape by RNAi. The shape of the body is easily
visualized by the SNAP-25::GFP reporter in the ventral cords. A, an
animal without RNAi, and B, RNAi aﬀected animals. (C, D) Close
images of A and B. (E, F) The Nomarksi images of the alae along the
body of the animals. While the rol-6 mutant animal has a twisted alae,
the suppressed animal on the right has the straight line of alae. Scale
bars, 50 lm.SQT-1, a closely related protein to ROL-6, showed that there
are three conserved tyrosine residues in the proteins. There has
been a suggestion on the requirement for a tyrosine residue to
be sulfated [28]. There is also a software for predicting possible
sulfation site [29], but the ROL-6 protein sequence did not pro-
duce any possible sulfation site using this program. It has also
been suggested that speciﬁc consensus features are not critical
for TPST speciﬁcity and that TPST might recognize a broad
range of suﬃciently exposed tyrosine residues in a protein
[30]. It would be of interest to examine the extent of sulfation
in the wild type ROL-6 protein and the mutant ROL-6 pro-
teins in the future.
How does TPST-A aﬀect cuticle formation? It is possible
that the rol-6 mutations caused the rolling phenotype by some-
how creating excessive sulfation sites, which is thought to be
suppressed by the reduction of TPST-A activity by RNAi.
Although rol-6 (e187) genetically behaves as a recessive allele,
it was reported that overexpression of the mutant protein gave
rise to Rol phenotype even in the wild type genetic back-
ground, indicating that this mutation is not a loss-of-function,
but a weak neomorphic mutation [26]. It is conceivable that
this neomorphic mutation could exert its eﬀect due to its high
degree of sulfation by TPST-A. TPST-A RNAi apparently
abolished over-sulfation of ROL-6 (e187) mutant protein, thus
suppressing the phenotype. Our results also raise the possibil-
ity that the substrates of TPST-A include not just the ROL-6
protein, but also other proteins, because RNAi of TPST-A
in the wild type background did cause severe phenotypes. It
is possible that sulfation of other substrate proteins is impor-
tant for proper cuticle formation during larval development.
It would be of interest to identify the biochemical substrates
of TPST-A.3.4. Sulfation may be required for tyrosine cross-linking of
collagen proteins
What is the physiological role of TPST-A in the cuticle for-
mation of the worms? As TPST-A RNAi aﬀected the mor-
phology of animals of the collagen gene mutations, we
hypothesized that defective sulfation by TPST-A RNAi could
aﬀect the tyrosine cross linking within the collagen proteins.
We thus examined the dityrosine level of the wild type and
the TPST-A RNAi animals. It is known that dityrosine and
trityrosine residues are contained only in the cuticle of the
nematodes. To separate and quantify dityrosine in animals,
a high performance liquid chromatography combined with
a scanning ﬂuorescence detector was performed. Tyrosine
and synthetic dityrosine standards were used to identify the
corresponding peaks in chromatogram. Both wild-type and
Fig. 4. Dityrosine level is decreased by TPST-A RNAi. The wild type
and TPST-A RNAi aﬀected animals were examined for the content of
the dityrosine (Di-Y) in the extract. RNAi aﬀected animals contained
much smaller amount of dityrosine (the arrowhead) as compared with
that of wild type animals (the arrow). Monotyrosine peak (Y) in
animals was used as internal standard.
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monotyrosine, while peaks for trityrosine were not detected
(Fig. 4, [31]). With the excitation and emission wavelengths
of 285 and 415 nm, respectively, sensitivity for monotyrosine
was very low compared with those for dityrosine [21,31]. We
found that reduction of TPST-A activity by RNAi caused a
similar result to that of Duox. That is, RNAi of TPST-A re-
sulted in decrease in dityrosine residues, indicating that the
normal function of TPST-A activity is to enhance the forma-
tion of dityrosine cross-links, indicating that the sulfation of
the collagen proteins may be a pre-requisite for the collagen
tyrosine cross-linking. However, we have not been able to
identify the nature of the peak eluted just in front of dityro-
sine yet (Fig. 4). Mass analysis of this peak revealed that it is
not related to dityrosine (data not shown). Although it is not
clear at this moment as to what the physiological substrates
of TPST-A are, it is possible that protein sulfation, cross-
linking, and disulﬁde bond formation may be inter-connected
for proper cuticle structure and function. A working model
for these modiﬁcations in the collagen proteins can be drawn
from the subcellular localization of participating enzymes. A
study on the nematode Duox protein revealed that this en-
zyme is responsible for tyrosine cross-linking of the collagen
and other cuticle proteins [32]. RNAi of the Duox gene elim-
inates tyrosine cross-linking, leading to severe defects in the
cuticle development. Duox is suggested to be located at the
plasma membrane [32] and disulﬁde bond formation is
known to occur in the ER. TPST-A in other systems has
been reported to be located at the Golgi compartment. It is
therefore conceivable that the modiﬁcation processes must
occur in proper sequences: disulﬁde bond formation, protein
sulfation, and then cross-linking. Our hypothesis is that pro-
tein sulfation in the Golgi complex is a prerequisite for
proper cross-linking at the plasma membrane. When TPST-
A activity is reduced, the substrate proteins may not serve
as eﬃcient substrates for the cross-linking reaction at the
plasma membrane. As far as we know, our data are the ﬁrst
proof that protein sulfation is involved in the cuticle forma-
tion. It would be interesting to examine the detailed relation-
ship between protein sulfation and cross-linking in the cuticle
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